Figure 1. Neuronal SNARE Proteins
The amino acid sequence of the full-length SNARE proteins is graphically depicted. Modified regions are magnified to reveal the exact nature of the changes. Flexibility was introduced into the SNARE proteins by engineering a parent DNA construct that contained a unique restriction enzyme site in the juxtamembrane region of the SNAREs into which double-stranded oligonucleotides could be inserted. A repeat unit of nine flexible amino acids was chosen. The linker constructs contain 9, 18, or 27 amino acids intended to introduce flexibility and increase the physical distance form the core SNARE complex and the membrane interface. The proline-proline constructs were designed to prohibit a continuation of the membrane spanning helix into the coiled-coil segment and relieve helical strain. The resoenergy that is generated in the formation of the SNARE complex could then be used to produce a strained connance energy transfer between this fluorescent donor and acceptor pair is strongly dependent on the distance formation in the SNARE proteins making the SNAREpin structure a metastable, high-energy intermediate state between them. Therefore, when fluorescent v-SNARE vesicles fuse with unlabeled t-SNARE vesicles, the aver-(Harbury, 1998; Sutton et al., 1998; Weber et al., 1998). The process of bilayer merger would relieve this stress age distance between the fluorophores is increased upon lipid dilution producing an increase in the preand return the SNAREs to their lowest energy state.
proximal coiled-coil segment to the v-and t-SNARE phosphatidylcholine (POPC) and 15 mole percent phosphatidylserine (DOPS). The v-SNARE vesicles contain transmembrane domains (Weber et al., 1998). This me-
We began to test these predictions by modifying the viously transferred NBD fluorescence. This relief of resonance energy transfer is monitored at the NBD emission SNARE proteins to relieve this potential strain and measure the effect in fusion activity. To this end, we intromaximum at 538 nm. Our standard assay makes use of v vesicles that conduced two helix-breaking proline residues (Shultz and Schirmer, 1988) in the juxtamembrane region immeditain an approximately 10-fold higher concentration of VAMP as compared to the concentration of syntaxin 1A/ ately preceding the transmembrane domain in both syntaxin 1A and VAMP ( Figure 1A) . The resulting proteins SNAP-25 in t vesicles; therefore, to maintain an equimolar amount of SNARE proteins in the fusion reaction, we were expressed in E. coli, purified by affinity chromatography, and reconstituted into lipid vesicles. The various must include an excess of nonfluorescent t vesicles in our fusion assay (ෂ10:1 ratio). Since the concentration modified proteins were all well expressed but had dissimilar reconstitution efficiencies. Therefore, differing, of unlabeled lipid is higher than that of the fluorescent lipid, our fusion assay has the potential to yield multiple empirically derived amounts of the various SNARE proteins had to be added to each reconstitution to maintain Figure 2A depicts the result of fusion assays performed with the proline-containing SNARE proteins expressed as percent of total fluorescence. These results were then converted to rounds of fusion by the calibration curve described above ( Figure 2B ).
The introduction of two proline residues in the juxtamembrane region of VAMP had virtually no effect ( As seen with the proline mutation, modification of the we now calibrate our data in terms of rounds of fusion t-SNARE syntaxin has a more pronounced effect than to dissect the fusion mechanism by making selective modifications of the v-and t-SNARE proteins at the the modifications of VAMP. With a single linker insertion, cytosol-membrane interface. Surprisingly, we find that fusion is reduced to about 50% of normal SNARE prochanges expected to conformationally uncouple memteins ( Figure 3B, open circles) . This change is likely due brane anchors from the body of the SNARE complex to the relief of helical strain, based on the results seen in only slightly affect the fusion process. The introduction Figure 2 . Multiples of the linker sequence progressively of two tandem proline residues had little effect on fusion inhibit fusion as was seen in the case of VAMP. SNARE (Figure 2 ), although predictions suggest that the introcomplex formation appears not to be the limiting factor duction of this pair of helix breakers will lead to the since the most extreme case (3ϫ linker) forms SNARE disruption of an ␣ helix (Shultz and Schirmer, 1988). complexes as efficiently as the wild-type proteins (data Furthermore, work done on the influenza hemagglutin not shown). Figure 3C vesicles were 50% to 60%. site (Figure 1 ). This annealed double-stranded oligo was ligated into the VAMP parental plasmid pJM27 generating pJM29-14, pJM32-3, and pJM35-19. These constructs contain one, two, or three copies, Fusion Assay and Data Analysis respectively, of the double-stranded oligo in the correct orientation.
Because Triton X-100 quenches NDB fluorescence (Struck et al., When the double-stranded oligo was ligated into the syntaxin paren-1981; data not shown), we replaced Triton X-100 with n-dodecyltal plasmid pJM26, the following plasmids were obtained: pJM33-1, maltoside as a nonquenching alternative. In all experiments reported pJM28-3, and pJM31-2, respectively. Again, each construct conhere, n-dodecylmaltoside (Boehringer Mannheim) was used to detains one, two, or three copies of the double-stranded oligo in the termine the maximum NDB signal. correct orientation. The same procedure was used to create the Fusion assays were performed as described in Weber et al. 
